Abnormal activation of astrocytes (e.g., the overproduction of cytokines and nitric oxide) is relevant to neurodegenerative disease. It is important, therefore, to search for inhibitors of the abnormal activation of astrocytes that can be derived from natural substances. This study focused on the effects of extracts from young fruits of Citrus unshiu on lipopolysaccharide (LPS)-induced nitric oxide (NO) production and inducible nitric oxide synthase (iNOS) expression in rat primary astrocytes. The methanol extract of young citrus inhibited NO production in a concentration-dependent manner. After reverse-phase extraction of the extract, we found that polymethoxyflavone, nobiletin, 3, 5, 6, 7, 8, 3 0 ,4 0 -heptamethoxyflavone, and tangeletin inhibited NO production by primary astrocytes. These polymethoxyflavones also inhibited LPS-induced iNOS protein and mRNA expression by suppressing nuclear factor-B (NF-B) activation and p38-mitogen-activated protein kinase (MAPK) phosphorylation. To evaluate possible applications of these neuroprotective agents in vivo, we examined the effects of young citrus fruit on delayed neurodegeneration in hippocampal CA1 neurons of the Mongolian gerbil after global ischemia. Oral administration of young citrus fruit significantly suppressed delayed neuronal death in hippocampal CA1 neurons. This suggests a possible application of young citrus fruit as a neuroprotective agent.
Abnormal activation of astrocytes (e.g., the overproduction of cytokines and nitric oxide) is relevant to neurodegenerative disease. It is important, therefore, to search for inhibitors of the abnormal activation of astrocytes that can be derived from natural substances. This study focused on the effects of extracts from young fruits of Citrus unshiu on lipopolysaccharide (LPS)-induced nitric oxide (NO) production and inducible nitric oxide synthase (iNOS) expression in rat primary astrocytes. The methanol extract of young citrus inhibited NO production in a concentration-dependent manner. After reverse-phase extraction of the extract, we found that polymethoxyflavone, nobiletin, 3, 5, 6, 7, 8, 3 0 ,4 0 -heptamethoxyflavone, and tangeletin inhibited NO production by primary astrocytes. These polymethoxyflavones also inhibited LPS-induced iNOS protein and mRNA expression by suppressing nuclear factor-B (NF-B) activation and p38-mitogen-activated protein kinase (MAPK) phosphorylation. To evaluate possible applications of these neuroprotective agents in vivo, we examined the effects of young citrus fruit on delayed neurodegeneration in hippocampal CA1 neurons of the Mongolian gerbil after global ischemia. Oral administration of young citrus fruit significantly suppressed delayed neuronal death in hippocampal CA1 neurons. This suggests a possible application of young citrus fruit as a neuroprotective agent.
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Citrus fruits contain a wide range of flavonoids, including hesperidin, narirutin, rutin, quercetin, naringenin, luteolin, nobiletin, and tangeretin. 1) In Japan, dried fruit peels and dried immature whole fruits have long been used as the traditional medicines chinpi and kijitsu, respectively. Citrus flavonoids exhibit a broad spectrum of biological activities, including anticancer, anti-inflammatory, and cardiovascular protective effects. 2) Astrocytes are the most abundant type of glial cell. They play various roles in supporting neurons, including structural support, metabolic delivery of nutrients, maintenance of the ionic environment inside the central nervous system (CNS), and preservation of the bloodbrain barrier.
3) They also play key roles in both recovery from and aggravation of neurodegenerative diseases, including amyotrophic lateral sclerosis, Alzheimer's disease, and Parkinson's disease. 4) Under pathological conditions, expression of inducible nitric oxide synthase (iNOS) is induced in astrocytes. 5, 6) Inducible NOS was found to be a major contributor to the initiation and exacerbation of CNS inflammation and degenerative conditions through the production of excessive NO, thus generating reactive nitrogen oxide species (RNOS). RNOS, a powerful oxidant, chemically modulates nucleic acids, amino acids, proteins, and lipids, and these reactions contribute to neuronal cell death. Therefore, excess induction of iNOS expression and NO production in astrocytes has come to be accepted as a marker and therapeutic target in neuroinflammatory disease. 5, 6) The number of patients affected by neurodegenerative diseases is expected to increase dramatically as the world's population ages. It is important to explore naturally occurring agents that effectively moderate neurodegenerative diseases, however, little has been discovered to date. To evaluate the possible application of young citrus fruits in a neuroprotective diet, we y To whom correspondence should be addressed. Fax: +81-72-254-9753; E-mail: ihara@b.s.osakafu-u.ac.jp Abbreviations: iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NF-B, nuclear factor-B; NO, nitric oxide; PBS, phosphate buffered saline; NOB, nobiletin; HMF, 3, 5, 6, 7, 8, 3 0 ,4 0 -heptamethoxyflavone; TG, tangeretin; HPLC, high performance liquid chromatography; NMR, nuclear magnetic resonance; MAPK, mitogen-activated protein kinase; HE stain, hematoxylin-eosin stain examined the effects of a methanol extract of young citrus fruits on NO production and iNOS expression in primary astrocytes stimulated with LPS, and identified polymethoxyflavones as the active compounds. We also examined the effect of young citrus fruits on the delayed neurodegeneration that occurs after global ischemia in hippocampal CA1 neurons of the Mongolian gerbil. Our results suggest that young citrus fruit are potentially applicable to a neuroprotective diet.
Materials and Methods
Chemicals and reagents. Dulbecco's Modified Eagle's Medium (DMEM) cell culture medium, penicillin-streptomycin solution, nobiletin, and tangeretin were purchased from Wako Pure Chemical Industries (Osaka, Japan). Lipopolysaccharides (LPS; Escherichia coli 026:B6), protease inhibitor cocktail, and anti-actin antibody were from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was from Biowest (Nuaillé, France). Mouse monoclonal antibody against iNOS was prepared as previously described. 7) Anti-NF-B p65 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p38 MAPK antibody and anti-phosphorylated p38 MAPK antibody were from Cell Signaling Technology (Danvers, MA). Peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies were from GE Healthcare (Piscataway, NJ). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was from Dojindo Laboratories (Kumamoto, Japan). The other regents were from standard sources and were of analytical grade or higher.
Preparation of extract from immature Citrus unshiu. Immature fruit of Citrus unshiu was collected from the Arida area of Wakayama Prefecture, Japan. The whole fruits were ground with a motor mill and the powdered fruit was stored at À20 C until use. Ten g of powder was suspended in 50 mL of methanol, shaken at room temperature overnight, and filtered. Then, MeOH extract was evaporated under reduced pressure and suspended in distilled water. The recovery of MeOH extract from the powdered fruit was 14.6%. The resulting water extract was subjected to a SepPak C18 column (Waters, Milford, MA) and eluted with H 2 O/MeOH by the 10% stepwise method. The elutes were dried under reduced pressure and dissolved with DMSO at 50 mg/mL. To isolate of polymethoxyflavones, a methanol extract of 5 kg of immature citrus fruit was separated by silica gel column chromatography (n-hexane/ethyl acetate, stepwise method), then by HPLC (column, Mightysil RP C 18 ; Kanto Chemical, Tokyo; 25 Â 250 mm; elute, 70% methanol in water; flow rate, 3.0 mL/min). Nobiletin and tangeletin were confirmed by comparison with commercial standard materials (Wako) on HPLC.
H and
13 C NMR spectra of 3,5,6,7,8,3 0 ,4 0 -heptamethoxyflavone. The purified compounds were dissolved in DMSO-d 6 , and the 1 H and 13 C NMR spectra were measured with a JEOL AL400 spectrometer (JEOL, Tokyo). Chemical shifts are given as (ppm) with tetramethylsilane (TMS) as internal standard.
1 H NMR spectral data of the peak 63: Cell treatment. Preparation of astrocytes was carried out in compliance with the Guidelines for Animal Experimentation of Osaka Prefecture University. Primary astrocytes were prepared from Wistar rats by a modification of a technique described previously. 7, 8) Cultures were maintained at 37 C in 5% CO 2 and 95% air, and the medium was changed every 3 d. After 1 week, astrocytes were replated to remove neurons using a standard trypsin treatment technique. To determine the effects of extracts of Citrs unshiu on NO production, iNOS expression, NF-B translocation, and p38 phosphorylation, the cells were preincubated in culture medium containing the extracts for 30 min.
After preincubation, the astrocytes were stimulated with LPS (500 ng/ mL) and incubated at 37 C.
Nitrite assay. NO production by astrocytes was determined by assay of nitrite, a relatively stable metabolite of NO. Nitrite was assayed as an indicator of nitric oxide production. Briefly, 100 mL of culture supernatant was mixed with an equal volume of Griess reagent (50 mL 1% sulfanilamide in 5% phosphoric acid and 50 mL 0.1% N-1-napthylethylenediamine dihydrochloride in water). After incubation at room temperature for 10 min, the absorbance was measured at 540 nm on a microplate reader. The nitrite concentration in the supernatants was calculated against a standard curve prepared with sodium nitrite.
Cytotoxicity assay. Cytotoxicity was assayed by the MTT method. 9) Fifty-mL of MTT solution (0.5 mg/mL of DMEM medium) was added to the culture medium of astrocytes treated with LPS and citrus extracts for 24 h, and then incubated at 37 C for 2 h. The suspension was then mixed with 50 mL of MTT stop solution (10% SDS in 10 mM HCl), and further incubated for 24 h. The absorbance was measured at 540 nm.
Western blotting analysis. Astrocytes were washed with phosphate buffered saline (PBS), lysed with PBS containing 1% Triton-X and protease inhibitor cocktail (Sigma-Aldrich), and centrifuged to remove the nuclear fractions. The supernatants were used as cytoplasmic fractions. In order to obtain nuclear extract for immunoblotting analysis of NF-B, cell pellets were processed using Nuclear Extraction Kit I (EpiQuik; Epigentek, Brooklyn, NY) following the manufacturers' instructions. Cell lysates and nuclear extracts were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred onto a nitrocellulose membrane (GE Healthcare). The membrane was blocked with Blocking One (Nacalai Tesque, Kyoto, Japan), and incubated with the target antibodies, including anti-iNOS antibody i2G4 7) (1 mg/mL), anti-NF-B p65 antibody (1 mg/mL), anti-histon antibody (1 mg/mL), anti-p38 antibody (1 mg/mL), anti-phospho-p38 antibody, and anti--actin antibody (0.5 mg/mL) overnight at 4 C. The membrane was incubated for a further 1 h with peroxidase-labeled secondary antibody (0.1 mg/ mL). Immunoreactive bands were detected using a chemiluminescence reagent (Milipore, Bedford, MA) with a luminescent image analyzer (LAS-1000; Fujifilm, Tokyo).
RNA extraction and real-time reverse transcriptase-polymerase chain reaction (real-time RT-PCR). Total RNA was extracted from the astrocytes using Sepasol-RNA I (Nacalai Tesque, Kyoto, Japan). Single-stranded cDNA was synthesized from total RNA using ReverTraAce and a random primer (Toyobo Biochemicals, Osaka, Japan) following the manufacturers' instructions. The primers used were as follows: iNOS sense, 5 0 -GGAATGGAGACTGTCCCAGCA-3 0 and antisense, 5 0 -GTCATGAGCAAAGGCGCAGA-3 0 ; rRNA sense, 5 0 -AAATGGTGAAGGTCGGTGTG-3 0 and antisense, 5 0 -TGAAGG-GGTCGTTGATGG-3 0 . Real-time PCRs were performed using SYBR Green Master Mix (Toyobo). The thermal cycling profile was 94 C for 2 min, followed by 40 cycles of 94 C for 30 s, 60 C for 30 s, and 72 C for 1 min. The amount of mRNA of iNOS was normalized to the internal control, rRNA.
Fluorescence immunocytochemistry. The cells were washed with PBS, fixed with 4% paraformaldehyde in PBS for 20 min, and treated with methanol for 3 min. After washing with PBS, the anti-NF-B antibody (1 mg/mL) was added and the mixture was incubated for 1 h. Following washing, the anti-rabbit IgG secondary antibody conjugated with Cy3 (0.1 mg/mL, GE Healthcare) was added to the cells and the mixture was incubated for 1 h. Nuclei were stained with Hoechst 33258 (Dojindo Laboratories). The cells were mounted using fluorescent mounting media and observed under the fluorescence microscope Axioplan 2 (Carl Zeiss, Jena, Germany). The images were processed to reduce noise using deconvolution software AutoDeblur (Lexi, Tokyo).
Animals and tissue processing. This study was done in accordance with the Guidelines for Animal Experimentation of Osaka Prefecture University, Japan. Ten 8-week-old Mongolian gerbils (Jms/Hos Ò ) were used. They were reared under ordinary conditions (24 AE 1 C, commercial powder feed (CE2, Japan Clea, Osaka, Japan) or feed containing the 1% citrus fruit and water ad libitum. Forty-five d after administration of the citrus fruit, the animals were anesthetized with isoflurane, and then forebrain ischemia was induced by occlusion of the bilateral common carotid arteries for 5 min. During the operation, rectal temperature was measured using a thermocouple probe in the anus, and the body temperature was maintained at 37.5 C. Both common carotid arteries were exposed by midline neck incision and clamped with surgical clips (Sugita Aneurysm Clips; Mizuho, Tokyo), inducing transient forebrain ischemia. After 5 min of occlusion the clips were removed. Restoration of blood flow was visually confirmed and the skin was sutured. The animals were placed under a heating lamp to maintain normothermia until full recovery from anesthesia. Nine d after the operation, the animals were perfused transcardially with cold heparinized physiological saline followed by 10% phosphate-buffered formalin. The brains were removed, fixed in the same fixative overnight, dehydrated in a graded series of ethanol, soaked in toluene, and embedded in paraffin. They were coronally sectioned at 6 mm, and the sections were stained with hematoxylin and eosin. To determine the ratio of survival cell in the CA1 region, the cells at 500 mm of the middle CA1 sector (at the apex of the pyramidal cell layer) were observed. The number of viable-looking neurons remaining (distinct cell membrane and nucleus, not eosinophilic) was counted, and the to total cells was expressed as a percentage.
Statistical analysis. Data are presented as mean and standard deviation for four independent experiments. Statistical analysis was performed by one-way analysis of variance (ANOVA). A comparison between two groups was made by Student's t-test. All analyses were performed using the GraphPad Prism program (GraphPad, San Diego, CA). A p value of less than 0.05 was considered significant.
Results

Effects of citrus extracts on LPS-induced NO production from primary astrocytes
Because an excess of iNOS expression is induced in astrocytes by progressive neural damage, we evaluated the effects of citrus extracts on LPS-induced NO production, the product of iNOS in astrocytes. LPS elicited nitrite production relative to the negative control, and induction was inhibited by the citrus extract (CE) in a dose-dependent manner (Fig. 1) . Examination of the cytotoxicity of CE (500 mg/mL) in the astrocytes by MTT assay indicated that the extract did not affect the viability of the astrocytes (data not shown). Hence, the inhibition of LPS-induced nitrite production by the extract was not the result of cytotoxic effects on the cells.
Identification of active compounds
To isolate the active compounds, the extract was fractionated on a C18 cartridge column and eluted with increasing concentrations of methanol. Fractions 6 and 7 (60 and 70% MeOH, respectively) showed potent inhibitory effects on LPS-induced NO production by the astrocytes (Fig. 2A) . HPLC analysis revealed that both fraction 6 (F6) and fraction 7 (F7) contained three major components. These fractions were further separated by preparative HPLC, and were identified as polymethoxyflavones. Nobiletin (NOB) and tangeretin (TG) were identified by comparison with commercial standards, and 3,5,6,7,8,3
0 ,4 0 -heptamethoxyflavone (HMF) was identified by NMR analysis (Fig. 2B) . The yields of NOB, TG, and HMF from the MeOH extract, as determined by HPLC were 0.16, 0.08, and 0.09% respectively. Next we tested the effects of the purified polymethoxyflavones on LPS-induced NO production by the astrocytes. NOB, HMF, and TG inhibited LPSinduced NO production by the astrocytes in a dosedependent manner (Fig. 2C) . These results indicate that in young citrus fruits, NOB, HMF, and TG are active compounds that suppress excess NO production by the astrocytes.
Effects of polymethoxyflavone on LPS-induced iNOS expression in the astrocytes
To determine whether the inhibition of NO production by polymethoxyflavones was a result of inhibition of iNOS expression, the effects of the polymethoxyflavones on iNOS protein and mRNA expression were analyzed by Western blotting and real-time RT-PCR, respectively. As shown in Fig. 3 , expression of the iNOS protein and transcript was barely detectable in the unstimulated cells, but increased markedly 24 h after LPS (500 ng/mL) treatment. Pretreatment with NOB, HMF, and TG inhibited expression of the iNOS protein and the transcript in the astrocytes stimulated by LPS. Inhibition of iNOS expression by polymethoxyflavones occurred in parallel with inhibition of NO production.
Effects of polymethoxyflavones on NF-B nuclear translocation in activated astrocytes
LPS-induced iNOS expression in astrocytes is mediated by NF-B signaling. 9, 10) To determine whether inhibition of iNOS expression by polymethoxyflavones is mediated through NF-B signaling, we examined the effects of polymethoxyflavones on LPS-induced NF-B nuclear translocation as an indicator of NF-B activation in the astrocytes. As shown in Fig. 4A , the NF-B of the untreated cells showed uniform localization throughout the cytoplasm. In the LPS-treated cells, however, NF-B showed distinct nuclear translocation. Both CE and the isolated polymethoxyflavones inhibited the LPS-induced nuclear translocation of NF-B (Fig. 4A) . These results were confirmed by Western blot (Fig. 4B) . CE and polymethoxyflavones did not alter the expression of total NF-B in the cells, but inhibited LPS-induced nuclear translocation of NF-B. This indicates that CE and polymethoxyflavones inhibit LPS-induced NF-B activation. Astrocytes were preincubated with citrus extracts (CE) for 30 min. After preincubation, they were treated with LPS (500 ng/mL) and incubated for 24 h. The production of NO was determined by measuring the nitrite content of the culture medium. Data are expressed as mean AE SD for four experiments. Asterisks indicate statistically significant differences (p < 0:05) relative to control.
Effects of polymethoxyflavones on the phosphorylation of p38-MAPK in activated astrocytes
Phosphorylation of p38-MAPK is also important in LPS-induced iNOS expression. 9, 10) To test whether the inhibition of iNOS expression by citrus polymethoxyflavones was mediated through the p38-MAPK pathway, we examined the effect of polymethoxyflavones on the LPS-induced phosphorylation of p38-MAPK in astrocytes by Western blot. As shown in Fig. 5 , after stimulation with LPS, phosphorylation of p38 MAPK increased significantly. CE and polymethoxyflavones suppressed the LPS-induced phosphorylation of p38-MAPK, indicating that CE and the polymethoxyflavones inhibited LPS-induced activation of the p38-MAPK pathway.
Effect of young citrus fruit on delayed neuronal death in the gerbil hippocampus
To evaluate the possible application of young citrus fruit as a neuroprotective agent, the effect of oral administration of young citrus fruits on ischemia/ reperfusion brain damage was examined in gerbils. The CA1 region of the hippocampus is susceptible to transient ischemic insults. We assessed cell survival in the CA1 region of the hippocampus with Hematoxylin and eosin staining. Figure 6A shows coronal sections of the hippocampal CA1 region obtained 9 d after ischemia/reperfusion insult. In the CA1 region of animals subjected to ischemia/reperfusion, pyramidal cells completely disappeared (Fig. 6B) . Oral administration of young citrus fruit significantly protected Astrocytes were preincubated with fractions 6 (F6), 7 (F7), nobiletin (NOB), 3, 5, 6, 7, 8, 3 0 ,4 0 -heptamethoxyflavone (HMF), and tangeretin (TG) for 30 min. After preincubation, they were treated with lipopolysaccharide (LPS) (500 ng/mL) and incubated for 24 h. Expression of the iNOS protein was determined by immunoblotting with anti-iNOS antibody (A), and expression of iNOS mRNA was determined by real-time RT-PCR (B). Data are expressed as mean AE SD for four experiments. Asterisks indicate statistically significant differences (p < 0:05) relative to control. against ischemia/reperfusion-induced hippocampal neuronal damage. Quantitative analysis revealed that more than 30% of the cells survived in the citrus administration group, while 18% of the cells survived in the control group. Since it has been reported that orally administrated nobiletin is present in the brain, 11) polymethoxyflavones are at least partially responsible for this neuroprotective effect of young citrus fruit.
Discussion
In this study, to explore the potential of naturally occurring neuroprotective compounds, we evaluated the effects of extracts of young citrus on NO production and iNOS expression in primary astrocytes. Excess activation of astrocytes, which produces excess levels of several chemical mediators, including NO, occurs with neuroinflammation. Excessive levels of NO, produced by iNOS, in astrocytes react with reactive oxygen species (ROS) to form RNOS, which is toxic to neurons. Thus, prevention of iNOS-mediated NO production by astrocytes is a target in the design of new neuroprotective drugs. 5, 6) Indeed, an astrocyte-modulating agent, arundic acid, has potent neuroprotective effects. [12] [13] [14] [15] It inhibits expression of the S100B protein, iNOS, and COX-2 in cultured astrocytes. 15) In the present study, we found that CE inhibited NO production and iNOS expression in primary astrocytes, and orally administered young citrus fruit significantly suppressed delayed neuronal death in hippocampal CA1 neurons of the Mongolian gerbil after global ischemia, suggesting that young citrus fruit has potential application for a neuroprotective agent.
We found that the effect of CE on NF-B nuclear translation was prominent as compared to that on NO production and on p38-MAPK phosphorylation in activated astrocytes. We do not have enough data to explain this discrepancy. Induction of iNOS expression in astrocytes is mediated by multiple signaling pathways, including NF-B, p38-MAPK, and other MAPK. 9, 10) iNOS expression, then, regulated by a complicated mechanism. We cannot exclude the possibility that other MAPK signaling pathways are involved in the suppressive effect of CE on LPS-induced iNOS expression. The discrepancy might be due to the complicated regulatory mechanism of LPS-induced iNOS expression. Much more research is necessary to resolve this discrepancy.
In this study, we identified polymethoxyflavones (NOB, HMF, and TG) as the compounds responsible for suppressing NO production in primary astrocytes via suppression of NF-B activation and p38-MAPK phosphorylation. Polymethoxyflavones, which are found exclusively in the Citrus genus, particularly in orange peel, have a broad spectrum of biological activities, including anti-carcinogenic, anti-inflammatory, and antitumor. [16] [17] [18] Our finding (inhibition of NO production by iNOS in astrocytes) represents a novel biological activity of polymethoxyflavones.
In conclusion, a methanol extract of young citrus inhibited NO production. We identified the polymethoxyflavones nobiletin and tangeretin as the active compounds. These polymethoxyflavones also inhibited LPSinduced iNOS protein and mRNA expression by suppressing NF-B activation and p38-MAPK phosphorylation. Furthermore, orally administered young citrus fruit significantly suppressed delayed neuronal death of hippocampal CA1 neurons in the Mongolian gerbil after global ischemia. These results suggest that young citrus fruit has possible application for a neuroprotective agent.
